1 H NMR spectroscopy. 1 H NMR spectra of KSI were acquired at the Stanford Magnetic Resonance Laboratory on an 800 MHz Varian UNITY INOVA spectrometer running VNMRJ 3.1A and equipped with a Varian 5 mm triple resonance, pulsed field gradient 1 H[ 13 C, 15 N] cold or conventional probe as previously described. 2 NMR samples of semisynthetic enzymes consisted of 0.4 mM KSI and 1.0 mM substituted phenol in 40 mM potassium phosphate (pH 7.2), 1 mM sodium·EDTA, 2 mM DTT and 10% DMSO-d6 (v/v). NMR samples of all other KSI or PYP variants consisted of 1.0 mM KSI/PYP and 5.0 mM substituted phenol in 40 mM potassium phosphate (pH 7.2), 1 mM sodium·EDTA, 2 mM DTT and 10% DMSO-d6 (v/v). DMSO served as the deuterium lock solvent and prevented freezing at low temperatures. Spectra were acquired using 5 mm Shigemi symmetrical microtubes at -3.3 ± 0.2 °C, following temperature calibration with a 100% methanol standard, and used the 1331 binomial pulse sequence to suppress the water signal with a spectral width of 35 ppm (carrier frequency set on the water resonance) and an excitation maximum of 14-18 ppm. 10 Data were collected with 32,000 points and a 1.9 s recycle delay for 512-2048 scans and processed using 10-20 Hz line broadening and baseline correction applied over the peaks of interest. Chemical shifts were referenced internally to the water resonance (5.11 ppm at -3.3 °C) and were reproducible to ±0.01 ppm in samples examined with different samples on different days. KSI X-ray Crystallography. Crystals of pKSI WT, D103N, and Y32F/Y57F bound to 3,4-dinitrophenolate (DNP) were acquired using the hanging drop vapor diffusion method (all KSI variants contain the D40N mutation). 1 µL of KSI at 1-2mM (in 40 mM potassium phosphate, pH 7.2), preincubated with 4 mM DNP (pH 7.2), was mixed with 1 µL of precipitant solution (0.2 M MgCl2, 18-22% v/v PEG 3350). Crystals formed after incubation at room temperature for 1 week. Single crystal diffraction data were collected at SSRL, beamline BL9-2, using a wavelength of 0.88556 at 100 K. Crystallographic model building was carried out independent of the 1 H NMR results above. Diffraction data processing was carried out using the XDS package 11 and the program Aimless from the CCP4 package. 12 Initial phases were obtained by the molecular replacement method using PDB entry 3FZW from which Equilenin was removed. Model building was carried out with the program BUCCANEER from the CCP4 package and manually with Coot. [13] [14] The model was refined manually after visual inspection with Coot and using phenix.refine. 15 During initial phenix.refine cycles, torsion-angle simulated annealing was used. In the final refinement cycle riding hydrogen atoms were added and their scattering contribution was accounted for. 16 Ligand restraints were obtained from the program eLBOW using AM1 QM method. 17 The distances reported for the pKSI D103N•DNP and pKSI Y32F/Y57F•DNP structures are the occupancy-weighted average S4 (occupancies were refined) of the modeled two conformations for the ligand. Coordinate errors were estimated by the Cruickshank method, by calculating the diffraction precision index (DPI), as implemented in the Online_DPI server. 18 Errors in distances between atoms and errors in differences between distances were obtained by error propagation (Eq. 1). Similar estimates of distance uncertainties were obtained using ShelX (not shown). Root mean square deviation (RMSD) between the two structures was calculated using the SuperPose server. 19 The first two N-terminal residues as well as residues 63-65 and 92-95, corresponding to flexible loops, were not included in the calculation.
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tKSI and pKSI starting structures. The initial pKSI•DNP structure was based on the 1.10 Å resolution crystal structure of pKSI•DNP determined herein. Since this structure has a monomer in the asymmetric unit, to create the dimeric KSI structure, the "Symmetry mates" utility in PyMOL was used to generate an inverted image, nearest neighbor, monomer 4.0 Å from the KSI-WT monomer. 20 The initial structure of tKSI•DNP was based on the tetrameric unit in the 1.5 Å resolution crystal structure (PDB 1OHP) of the D38N KSI mutant from Comamonas testosteroni (tKSI) complexed with 5α-estran-3,17-dione (5α). The dimer with a similar hydrogen bonding structure in the KSI active site was chosen for this study. To create the tKSI•DNP, both 5α ligands were replaced by the DNP ligand with DNP's phenolate groups aligned with those in the 5α.
MM dynamics.
To prepare the pKSI and tKSI dimers for molecular dynamics, all surface waters and hydrogens from the crystal protein database (PDB) were stripped and their protonation states were assigned at a pH of 7.0 using the web-based protonation prediction tool, H++ (v. 3.0). 21 The tleap utility 22 in the AmberTools 16 suite was used to construct the solvated protein systems with the ff14SB 23 and the generalized Amber Force Field (GAFF). [24] [25] The DNP ligand charges were computed with the restricted electrostatic potential (RESP) scheme from R.E.D Server. 26 The protein was immersed in a periodically replicated truncated octahedron box of 31346 explicit SPC/Fw flexible water molecules with 6 Na + ions to maintain charge neutrality. 27 Using the GPU-accelerated classical molecular dynamics code OpenMM 7.1 28 , a minimization was performed where the KSI backbone was held rigid and the explicit solvent and non-backbone atoms were allowed to relax. This optimized structure was then heated to 300 K over 50 ps using a Langevin thermostat with a friction coefficient of 1 ps -1 in the constant NVT ensemble. Constant isothermal-isobaric (NPT) ensemble simulation was performed for 10 ns with the KSI backbone constrained using a Monte Carlo barostat at a pressure and temperature of 1 bar and 300 K, respectively. The constraints on the KSI backbone were then lifted and the entire system was allowed to propagate freely according to the classical equations of motion for 50 ns. Lastly, production level NVT dynamics was performed for 50 ns with no constraints.
QM/MM optimizations. QM/MM optimizations (using TeraChem 29 and OpenMM 7.1 28 , with electrostatic embedding 30 ) were performed on the first 20 snapshots at 100ps intervals selected from the NVT trajectory where the lengths of the two hydrogen bonds were between 2.50 and 3.00 Å. Using the Maestro visualizer available through Schrodinger, the Y32F/Y57F and D103N mutants were created by manually mutating these specific residues from the aforementioned MM snapshots. The QM atoms involved in the covalent bonds across the QM/MM boundary were capped with link hydrogen atoms. The forces on the link atoms were calculated following previous work. 31 To create the starting structures for the QM/MM optimizations, all atoms within 40 Å from the ligand in the snapshots were selected using atomselect in S5 Visualizer Molecular Dynamics (VMD). 32 These truncated structures were first minimized at the MM level using the Amber force field without any constraints. The MM minimized structures were then subjected to a QM/MM optimization using the B3LYP exchange correlation functional and Grimme's D3 dispersion correction 33 with the 6-31G** basis set for the QM atoms and the Amber ff14SB force field for the MM atoms. 34 In the QM/MM optimization, the SPC/Fw water model was used for the MM waters. 35 The proper QM region size was selected based on convergence calculations of Y16 and D103 hydrogen bond lengths in a single WT pKSI•DNP structure. For the largest QM region (QM6), the B3LYP-D3 functional failed and the range-corrected functional, /-PBEh, was used. The QM region was chosen to include all atoms in the side chains of Tyr16, Tyr32, Tyr57, DNP, and Asp103 for the pKSI•DNP structure and the respective mutant side chains (see Figure 10 below and Results and Discussion). The analogous QM region was used in tKSI.
Potential sources of error in hydrogen bond lengths determined by QM/MM. Differences between hydrogen bond lengths determined by experiment versus simulation may result from approximations imposed for tractability when modeling large protein systems with QM/MM, including basis-set size, DFT functional (e.g. LDA, GGA, hybrid, etc.), protein force field, and water model. For example, we initially compared two basis sets of different sizes, 6-31G* and 6-31G**, with the latter including better polarization behavior; with 6-31G** the Tyr16•DNP was 0.02 Å shorter than with 6-31G* (not shown; 6-31G**was used in the above calculations). Additionally, both, / -PBEh and B3LYP-D3 exchange correlation functionals were used to measure the sensitivity of the computed hydrogen bond lengths in the KSI active site as a function of the chosen DFT functional. The two functionals predicted hydrogen bond distances differing by ~0.02 Å ( Figure 10 ). KSI and the surrounding water were modeled using the Amber force field and SPC/Fw, respectively. Neither of these models were fit to accommodate QM/MM systems. So, a large source of error may come from the QM-MM interface, leading to conformational differences between experiment and theory. As the conclusions in this manuscript are based on comparing the changes in hydrogen bond lengths rather than absolute lengths, the general conclusions are expected to be less affected by these differences than absolute hydrogen bond lengths.
S6
Text S1. Figure S1 ), resulting in the following correlation function used extensively in the literature: [36] [37] [38] [39] [40] [41] [42] [43] [44] O To estimate errors in the lengths derived from Figure S1 , we determined the standard error (sest) for chemical shift intervals. These errors likely substantially over-estimate changes in hydrogen bond length with a series of similar compounds and within similar environments, as for the systems studied herein. Table S3 ). Global alignment was performed using UCSF Chimera MatchMaker tool. Figure S3 ). 45 ◊ Asp99•phenolate hydrogen bonded proton is not seen in the downfield portion of this spectrum. † Gln42•p-coumarate hydrogen bonded proton is not seen in the downfield portion of this spectrum.
